Objectives: To analyse VIM/IMP-type MBL-producing Enterobacteriaceae isolates identified in Poland during 2006-12.
Introduction
The rapid spread of carbapenemase-producing Enterobacteriaceae (CPE), including those with MBLs, has become a critical challenge of infection medicine. Acquired MBLs appeared first in Pseudomonas aeruginosa in the 1980/90s, being IMP and VIM types encoded usually by class 1 integrons; soon afterwards, these spread into enterobacteria. 1 In Europe, MBL (VIM) CPE have been recorded since 2001 in Greece 2 where a nationwide outbreak had occurred by 2006-08. 3 Countries with lower but notable incidence of VIM CPE are Spain and Italy. 2, 4, 5 Occasionally, identical or similar bla VIM gene-carrying integrons have been found in Pseudomonas spp. and Enterobacteriaceae, indicating transmission. [5] [6] [7] [8] [9] However, their evolution in these organisms has been largely independent; e.g. in pseudomonads bla VIM-2 -like genes are more common than bla VIM-1 types, which dominate in enterobacteria. 5, 8, 10, 11 European VIM CPE carry various bla VIM integrons, including In590-like elements in Greece and In70/In71/In110-or In113/In916-like integrons in Italy, Spain and elsewhere, 5, 7, 8, 11 on diverse plasmids, like IncA/C, IncHI2 or IncR types. 5, 8, 12, 13 The National Reference Centre for Susceptibility Testing (NRCST) in Warsaw has been monitoring CPE in Poland, collecting isolates with basic clinical data. The screening and detection approaches evolved with time in the clinical laboratories and in the NRCST, according to consecutive guidelines. 14, 15 The first MBL CPE were reported in 2006 in Bydgoszcz, being Klebsiella pneumoniae with a V C The Author(s) 2018. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For permissions, please email: journals.permissions@oup.com.
VIM-like enzyme. 16 In this work, all VIM/IMP CPE confirmed in 2006-12 were studied, including the index K. pneumoniae isolate.
Methods

Bacterial isolates
During 2006-12 the NRCST confirmed 145 VIM/IMP CPE isolates from 119 patients, including one patient with MBL producers of three species. The 121 non-duplicated isolates comprised Enterobacter cloacae complex (n " 64), Klebsiella oxytoca (n " 23), Serratia marcescens (n " 20), K. pneumoniae (n " 11), Citrobacter freundii (n " 2) and Enterobacter amnigenus (n " 1). Species were confirmed with VITEK 2 (bioMérieux, Marcy-l'Étoile, France). Ninety-six isolates were from various infections and 25 isolates were from carriage.
Phenotypic and molecular analysis
MBLs were detected by the double-disc synergy test (DDST) with EDTA and PCR for bla VIM and bla IMP genes. 5 bla VIM/IMP genes were sequenced with variable regions of class 1 integrons as reported previously. 17 All VIM/IMP CPE isolates were typed by PFGE 5 and 56 C. freundii, E. cloacae complex, K. oxytoca and K. pneumoniae isolates of any pulsotype were subjected to MLST. Databases at http://pubmlst.org and http://bigsdb.web.pasteur.fr were used for assigning STs. bla VIM/IMP -carrying plasmids were visualized by PFGE/nuclease S1 analysis, followed by hybridization, using the Amersham ECL Direct Nucleic Acid Labelling System (GE Healthcare, Little Chalfont, UK). 5 Thirty-six isolates of each species/pulsotype/bla VIM/IMP plasmid size were selected for plasmid transfer, first being mated with Escherichia coli A15 Rif R , with transconjugant selection on 150 mg/L rifampicin and 2 mg/L cefotaxime. 5 Plasmids of 12 non-mating or rifampicin-resistant isolates were purified with the QIAGEN Plasmid Midi Kit (QIAGEN, Hilden, Germany) and electroporated into E. coli DH5a; transformants were selected with 2 mg/L cefotaxime. Plasmids of E. coli recombinants were analysed by PCRbased replicon typing (PBRT). 18 Chromosomal location of bla VIM genes was confirmed by I-CeuI analysis. Isolates were tested for ESBLs by DDST with an aztreonam disc and PCR sequencing of bla CTX-M -/ SHV -/ TEM -like genes and of bla CMY-2 -like ampC-type genes. 5 
Nucleotide sequence accession numbers
Nucleotide sequences were assigned the following GenBank accession numbers: bla VIM-40 , HG934765; In1444 gene cassette array, MF678584; In1445, MF678585; In1517, MH071811; In1518, MH071810; In1451, MF975540; and In1446, MF678589.
Results and discussion
Occurrence and species distribution of VIM/IMP MBL CPE During 2006-08 numbers of identified VIM/IMP CPE cases in Poland were low (n " 1-5); a significant increase was noticed in 2009 (n " 22), commencing gradual growth during 2010-12 (n " 24, n " 29 and n " 36, respectively) ( 4 One of the specific Polish VIM/IMP CPE traits has been the species distribution, with the leadership of E. cloacae complex (52.9%) followed by K. oxytoca (19.0%), S. marcescens (16.5%) and a lower contribution of K. pneumoniae (9.1%). VIM/IMP-positive E. cloacae complex have been regularly reported in Europe, 5, 7, [19] [20] [21] [22] and in Spain have been prevalent among VIM/ IMP CPE (30%), behind K. pneumoniae (45%). 4 However, K. pneumoniae has been predominant overall, responsible for the VIM dissemination in Greece 3 and most of the sporadic cases and outbreaks elsewhere.
2,9,10,12
Clonality of VIM/IMP CPE
The 64 E. cloacae complex isolates were of 10 originally identified STs (Table 1) . Thirty-seven isolates belonged to ST90 with mainly one pulsotype (n " 35), observed since 2009 in 23 centres over half of the country ( Figure S1 ). ST90, a founder of the clonal complex CC90 with several single-locus variants (SLVs), recently identified as Enterobacter hormaechei ssp. steigerwaltii, 22 has been observed with various b-lactamases (including VIMs) globally. [22] [23] [24] The other major clone was ST89 (n " 15), found since 2006 in the west and then mid-north regions ( Figure S1 ). Its DNA degraded in PFGE, so its two subclones differing by bla VIM genes were revealed by further analysis (see below). ST89 is a singleton (http://pubmlst.org; as of 29 May 2018), so far reported in Poland, including an OXA-48 producer in the north-east, 25 and then in Germany with GIM-1 MBL, as E. hormaechei ssp. steigerwaltii too. 21 Both ST90 and ST89 have spread by themselves, locally acquiring various resistance determinants.
The 23 K. oxytoca isolates were of three new STs, with the second most prevalent organism ST145 (n " 19), recorded in central and western regions from 2009 ( Figure S1 ). It produced 12 pulsotypes, though with similar banding patterns (results not shown). Due to scarcity of K. oxytoca MLST data, the actual ST145 occurrence is unclear. The 11 K. pneumoniae isolates were of five STs and six pulsotypes, indicating mainly sporadic character. The first VIM CPE isolate from 2006 16 was ST1237, an SLV of ST147, the major VIM producer in Greece.
5,13
VIM/IMP variants and bla VIM/IMP -carrying integrons
One hundred and eighteen isolates had different VIM enzymes (Table 1 ). Five VIM-1-like variants were VIM-1, -4, -28, -37 and -40, with VIM-4 and -1 prevailing (n " 66 and n " 23, respectively). The new VIM-40 differed from VIM-4 by one amino acid, A146V. The VIM-2 lineage comprised VIM-2 and -20. Three isolates produced IMP-19.
The bla VIM/IMP gene cassettes were in 12 class 1 integrons, including six new elements (Tables 1 and 2 ). Their major group had five In238-like variants with most of the bla VIM-1 -like alleles within aacA4-bla VIM arrays. In all these except In238a, bla VIM was followed by its 3 0 -terminal 169 bp direct repeat (bla VIMrpt ). 26 In238 itself with aacA4-bla VIM-4rpt dominated (n " 64), occurring in all species and multiple clones, including most of E. hormaechei ST90 ( Figure S1 ), whereas In238a with aacA4-bla VIM-4 (no terminal repeat) appeared in two ST90 isolates. New integrons In1451 (aacA4-bla VIM-37rpt ) and In1445 (aacA4-bla VIM-40rpt ) were single In238 mutants in bla VIM genes; In1445 specified a subclone of E. hormaechei ST89 (n " 7; Figure S1 ). In238 had been identified Table 1 . CPE MBL (non-NDM) isolates: temporal and geographical distribution, species, clones, pulsotypes, plasmids and integrons with bla In237-like~230 kb; NT STs originally identified in this study are in bold; CC, clonal complex, and CG, clonal group identified by eBURST (http://eburst.mlst.net).
c Non-typeability of these isolates by PFGE and S1 profiling was due to repeated DNA degradation. respectively; the classification of E. cloacae complex ST91
has been based on its close relatedness with ST90 (CC90).
k
The bla VIM location was not determined because of DNA degradation in PFGE/I-CeuI and PFGE/S1, and no DNA transfer to E. coli.
l
The two E. hormaechei ST90 isolates with In238a were from the same hospitals and of the same pulsotype as some E. hormaechei ST90 isolates with In238.
m Only three isolates of this subgroup had the CTX-M-3 enzyme.
n Replicon of the plasmid was not characterized by PBRT because of non-successful DNA transfer.
o E. cloacae ST95, K. pneumoniae ST14 and one of the K. oxytoca ST146 isolates colonized a single patient.
p Only four isolates of this subgroup had a CTX-M-like enzyme and all but one had CMY-31.
q Clinical and microbiological data on this K. pneumoniae isolate have been published separately. 16 Izdebski et al.
first in P. aeruginosa from 1998 in Warsaw, 26 whereas the oldest study In238 isolate was K. pneumoniae ST11 from 2008 from Warsaw suburbs, suggesting acquisition of the element from P. aeruginosa, followed by spread among enterobacteria and mutational evolution. The position of In238a is unclear; it might have been an In238 precursor or, conversely, resulted from the repeat deletion. Similarly, in Hungary In238 was recorded in P. aeruginosa in 2002 27 and K. pneumoniae ST11 in 2009, 9 followed by In238a in E. cloacae in 2010. 19 The remaining In238 type was an In237-like element with aacA4-bla VIM-1rpt in K. oxytoca ST145 (n " 19; Figure S1 ). It had two polymorphisms in the bla VIM 59-be segment (C to T at positions 60 and 68), found originally in E. coli from 2001 in Greece, one of the first VIM CPE ever identified. 28 All these findings indicate mid-southern Europe as an arena of circulation and evolution of In238-type integrons.
The integron with bla VIM-28rpt from a K. pneumoniae ST11 isolate, In1517, 29 lacked aacA4 but carried a 723 bp cassette gcu180. Its 655 bp region was 83% identical to a Thioalkalivibrio sulfidiphilus chromosome fragment (GenBank accession number CP001339.1; 1806111.1806765) with two overlapping ORFs that might encode a new type II toxin-antitoxin system (T. Jové, Université Limoges, INSERM, CHU Limoges, personal communication). Of the last two bla VIM-1 integrons, one occurred in the first VIM isolate, K. pneumoniae ST1237, and was identical to the In590-like variant found in K. pneumoniae ST147 in Greece. 30 Three E. cloacae complex ST91 or ST94 isolates had In70, spread in P. aeruginosa in Italy and France, 6, 31 possibly seen here for the first time in enterobacteria. However, the related In71 and In110 were observed in E. cloacae complex. 5, 7, 8 Seventeen diverse isolates had bla VIM-2 -like genes, reducing the dominance of typical bla VIM-1 types. 2, 4, 5, 13 These had mainly two In1008-type integrons with bla VIM -aacA4 arrays, In1008 (bla VIM-2 ) and In1444 (bla , differing by a single mutation in bla VIM genes. Among others, the elements occurred in the second E. hormaechei ST89 subclone (n " 8; Figure S1 ). In1008 was identified first in P. aeruginosa during 2001-04 in southern Poland, 17 partially overlapping with the area of In1008-carrying Enterobacteriaceae, observed from 2006. The only bla IMP -like gene, bla , formed integron In1518 in one S. marcescens pulsotype.
Plasmidic versus chromosomal location of the bla VIM/ IMP -carrying integrons
Thirty-two isolates contained chromosomal bla VIM integrons, including 18 K. oxytoca ST145 isolates with the In237-like element (Table 1) . In other organisms various MBL-encoding plasmids were Other b-lactamases
Eighty-four isolates produced various ESBLs (Table 1 ). All but one K. oxytoca ST145 isolates had the AmpC enzyme CMY-31, first reported in K. oxytoca VIM-1 (no ST) in Greece. 32 
Conclusions
The detailed view of the first 7 year phase of the VIM/IMP CPE epidemiology in Poland showed a number of novel traits of the organisms. Their diversity originated from a few probable imports (e.g. from Greece) but more from acquisition of bla VIM integrons from local P. aeruginosa populations and their horizontal dissemination and differentiation. The notable component has been by the clonal spread of E. hormaechei ST90 and ST89, and K. oxytoca ST145 lineages. This was almost unnoticed in real time, likely due to relatively low annual numbers of cases and no large outbreaks reported; moreover, most of the study period was the time of growing awareness and developing screening and detection standards.
